LV4O8 (L = Yb, Y, Lu) compounds are reported to crystallize in a structure similar to that of the orthorhombic CaFe2O4 structure-type, and contain four inequivalent V sites arranged in zigzag chains. We confirm the structure and report the magnetic, thermal, and transport properties of polycrystalline YV4O8 and LuV4O8. A first-order like phase transition is observed at 50 K in both YV4O8 and LuV4O8. The symmetry remains the same with the lattice parameters changing discontinously. The structural transition in YV4O8 leads to partial dimerization of the V atoms resulting in a sudden sharp drop in the magnetic susceptibility. The V spins that do not form dimers order in a canted antiferromagnetic state. The magnetic susceptibility of LuV4O8 shows a sharp peak at ∼ 50 K. The magnetic entropies calculated from heat capacity versus temperature measurements indicate bulk magnetic transitions below 90 K for both YV4O8 and LuV4O8.
I. INTRODUCTION
Vanadium oxides have been of broad interest owing to their interesting properties. Binary vanadium oxides V n O 2n−1 where 2 ≤ n ≤ 9 exhibit metal to insulator and paramagnetic to antiferromagnetic transitions on cooling.
1 The only exception is V 7 O 13 which remains metallic down to 4 K.
2 Among ternary vanadium oxides, the normal spinel mixed valent LiV 2 O 4 does not show any magnetic ordering, remains metallic down to 0.5 K and surprisingly shows heavy fermion behavior below 10 K.
3 This is very different from the similar normal spinel LiTi 2 O 4 which shows superconductivity below 13 K. 4 The compound CaV 2 O 4 forms in the well-known CaFe 2 O 4 type structure with orthorhombic space group P nam and lattice parameters a = 9.206Å, b = 10.674Å, and c = 3.009Å. 5, 6, 7 The V atoms have spin S = 1 and form a zigzag chain system. The compound undergoes an orthorhombic to monoclinic structural distortion below 150 K and an antiferromagnetic transition at 63 K, and is an insulator. 7, 8, 9 The low dimensionality of the V spin structure is very interesting since this can give rise to exotic magnetism. Indeed, there is a suggestion that a phase transition at ≃ 200 K in CaV 2 O 4 arises from a long-to short-range chiral ordering transition with no long-range spin order either below or above this temperature. 7 In a spin S = 1 zigzag chain system, depending on the ratio of the nearest-neighbor and nextnearest-neighbor interactions, there can be ground states with a Haldane gap, as well as gapless or gapped chiral ordering. 10 Replacing Ca 2+ by Na +1 , the same CaFe 2 O 4 structure is retained but becomes metallic even below the antiferromagnetic transition at 140 K. sites are occupied by L ions in an ordered manner. 13 This results in a reduction of the unit cell symmetry from orthorhombic to monoclinic with space group P 12 1 /n1 (which is a nonisomorphic subgroup of the orthorhombic space group P nam of CaV 2 O 4 ) and lattice parameters a = 9.0648Å, b = 10.6215Å, c = 5.7607Å, and β = 90.184
• for the room temperature α-phase (see below) of the Yb compound. 13 Note that the monoclinic angle β is close to 90
• and that the a-axis and b-axis lattice parameters are nearly the same as in the above orthorhombic room-temperature structure of CaV 2 O 4 . YbV 4 O 8 forms in two monoclinic phases, the low temperature α-phase with space group P 12 1 /n1 and lattice parameters a = 9.0648Å, b = 10.6215Å, c = 5.7607Å, and β = 90.184
• and the high temperature β-phase with space group P 2 1 /n11 and lattice parameters a = 9.0625Å, b = 11.0086Å, c = 5.7655Å, and α = 105.070
• . 13 The two phases differ crystallographically by the z atomic position of the Yb ions, but both contain similar zigzag chains. At 185 K the β-YbV 4 O 8 undergoes a magnetic phase transition with magnetic behavior of the vanadium cations separating into CurieWeiss and spin gap types. The magnetic transition is accompanied at the same temperature by a monoclinic to monoclinic structural phase transition arising from complete charge ordering of the V +3 and V +4 ions. 
13
The structures of the above LV 4 O 8 compounds are closely related to the Hollandite-type structure with either tetragonal or monoclinic crystal symmetry and chemical formula A x B 8 O 16 (A = K, Li, Sr, Ba, Bi; B = Ti, V, Mn, Ru, Rh; 1 ≤ x ≤ 2). 17, 18 In the Hollandites, edge-sharing BO 6 octahedra form zigzag chains running parallel to the crystallographic c axis. The Hollandite K 2 V 8 O 16 undergoes a metal-isulator and a structural transition at 170 K which leads to possible dimerization of the V spins. 19 The presence of a quantum phase transition from a weakly localized state to a metallic state in BaRu 6 O 12 has been reported.
20
The magnetic susceptibilties of α-YV 4 O 8 and β-YV 4 O 8 show Curie-Weiss behavior in the high T region and drop sharply on cooling to temperatures between 50 and 80 K. 15 For α-YV 4 O 8 , the drop at 50 K appears to be a first order transition. This is different from the magnetic susceptibility of the isostructural YbV 4 O 8 or similiarly structured CaV 2 O 4 .
8 Curie-Weiss fits to the high T susceptibilities yielded negative Weiss temperatures indicating dominant antiferromagnetic interactions among the V spins and Curie constants much lower than expected for three V +3 (S = 1) and one V +4 (S = 1/2) spins per formula unit for both α-and β-YV 4 O 8 . In order to investigate the origin of the first order-like transition in YV 4 O 8 and to search for interesting magnetic ground states in these zigzag spin chain systems with modified CaFe 2 O 4 crystallographic structure, we have synthesized polycrystalline samples of YV 4 O 8 and LuV 4 O 8 and report their structure, magnetic susceptibility χ, magnetization M , specific heat C, and the electrical resistivity ρ.
The remainder of the paper is organized as follows. In Sec. II, the synthesis procedure and other experimental details are reported. The structures from room temperature down to 10 K, magnetic susceptibility, magnetization, heat capacity, and electrical resistivity measurements are presented in Sec. III. We also carried out bond valence analysis to estimate the valences of the inequivalent V atoms in the mixed valent YV 4 O 8 and LuV 4 O 8 compounds. The results of this analysis are reported following the x-ray diffraction measurements in Sec. III. In Sec. IV, we suggest a model to explain the observed magnetic susceptibility and heat capacity behaviors of YV 4 O 8 in light of the structural studies reported in Sec. III, whereas a model to explain the magnetic susceptibility and heat capacity behaviors of LuV 4 O 8 is elusive. A summary of our results is given in Sec. V. were thoroughly mixed together in a glove box filled with helium gas, and pressed into pellets. The pellets were wrapped in platinum foils, sealed in evacuated quartz tubes and heated at 520
II. EXPERIMENTAL DETAILS
• C for 8-10 d. The temperature was then raised to 800
• C for an-other 5-7 d. Finally the samples were heated at 1200
• C for another 7 d. The quartz tubes were then taken out of the furnace at 1200
• C and quenched in air to room temperature.
Powder x-ray diffraction measurements at room temperature were done using a Rigaku Geigerflex diffractometer with a curved graphite crystal monochromator. Temperature-dependent powder x-ray diffraction studies were done in the temperature range 10 K -295 K using a standard Rigaku TTRAX diffractometer system equipped with a theta/theta wide-angle goniometer and a Mo Kα radiation source. 29 The magnetic measurements were done using a Quantum Design superconducting quantum interference device (SQUID) magnetometer in the temperature range 1.8 K -350 K and magnetic field range 0 -5.5 T. The heat capacity and electrical resistivity measurements were done using a Quantum Design physical property measurement system (PPMS). For the heat capacity measurements, Apiezon N grease was used for thermal coupling between the samples and the sample platform. Heat capacity was measured in the temperature range 1.8 K -320 K in zero, 5 T, and 9 T magnetic fields. Electrical resistivity measurements were carried out using a standard dc 4-probe technique. Platinum leads were attached to rectangular shaped pieces of sintered pellets using silver epoxy. An excitation current of 10 mA was used in the resistivity measurements in the temperature range 1.8 K -300 K.
III. RESULTS

A. X-ray diffraction measurements
Figures 3(a) and (b) show the room temperature x-ray diffraction (XRD) patterns of powder samples of YV 4 O 8 and LuV 4 O 8 , respectively, along with the calculated patterns. The calculated patterns were obtained by Rietfeld refinements of the observed patterns using the GSAS program suite. 21 The refinements for both YV 4 O 8 and LuV 4 O 8 were done with space group P 12 1 /n1 (No. 14) (the same space group as for the low-T α-phase of YbV 4 O 8 ) with one position for the L atom, four different positions for V atoms, and eight different positions for O atoms. All the fractional atomic positions, the lattice parameters, and the overall thermal parameter for all the atoms were varied in the refinement. The obtained best-fit lattice parameters and fractional atomic positions at 300 K are listed in Tables I and II distance increases below 50 K.
Bond Valence Analysis
The bond-valence method is used to calculate the valences of individual atoms in a chemical compound. 22 The atomic valence of an atom is taken to be the sum of the bond valences of all bonds between that particular atom and the neighbouring atoms to which it is bonded. The bond-valence is defined as v i = exp[(r 0 − r i )/B] where B is fixed to the value 0.37, r i is the interatomic distance between the particular atom and the neighbouring atom it is bonded to and r 0 is the bond-valence parameter which is obtained empirically. 23, 24 The valence for the given atom is then
where the sum is over all the nearest-neighbors to the atom of interest. There is a sharp fall in the susceptibility at T = 50 K followed by a bifurcation in the zero-field-cooled (ZFC) and field-cooled (FC) susceptibility χ(T ) below 16 K. In addition, there are two small anomalies at T = 90 K and T = 78 K. The field dependence of χ is shown in Fig. 8(b) . The sharp peak at 16 K and the small anomaly at 90 K for H = 100 G disappear at H = 5000 G. Figure 8( Inter atomic distance (Å)
Inter atomic distance (Å) at ∼ 70 K and then a sharp peak at 49 K followed by an almost T -independent behavior below 25 K. There is a strong bifurcation in the FC and ZFC susceptibility for T < 100 K. The magnetic field dependence of the peak at 49 K and the small anomaly at ∼ 100 K are shown in Fig. 8(e) . Overall, the behavior of χ( 
where χ 0 is the T -independent magnetic susceptibility, C Curie is the Curie constant, and θ is the Weiss temperature. The temperature range over which the data were fitted is T = 200−300 K. For YV 4 O 8 , when we let all the parameters vary, we obtained χ 0 = 11.8×10 −4 cm 3 /mol, C Curie = 2.08 cm 3 K/mol, and θ = −74 K. If we assume YV 4 O 8 to be an insulator, then χ 0 = χ VV + χ dia where χ VV is the paramagnetic Van Vleck susceptibility and χ dia is the diamagnetic core susceptibility. From the standard tables, 25 we have for YV 4 O 8 , −4 cm 3 /mol. Thus, the above value of χ 0 = 11.8 × 10 −4 cm 3 /mol for YV 4 O 8 that we obtained by fitting the data by Eq. (2) with all the parameters varying is much too large. Keeping the value of χ 0 fixed to 5.55×10 −4 cm 3 /mol, we obtain a C Curie = 2.476(2) cm 3 K/mol which is much less than the value 3.375 cm 3 K/mol expected for 3 V 3+ (spin S = 1) and 1 V 4+ (S = 1/2) atoms per formula unit with g-factor g = 2. Keeping χ 0 fixed to zero, we obtain a C Curie = 2.917(5) cm 3 K/mol which is closer to the expected C Curie = 3.375 cm 3 K/mol. A similar analysis was done for LuV 4 O 8 . Table III lists The reason might be that the temperature range of the fits is still not high enough for the Curie-Weiss law to hold. For all the fits for each compound, we see that θ is consistently negative indicating predominantly antiferromagnetic interactions between the V spins in both compounds. Figures 9(a) and (b) show the magnetization M versus applied magnetic field H isotherms at selected temperatures for LuV 4 O 8 and LuV 4 O 8 , respectively. The saturation magnetization M S is obtained by fitting the high field (1.5 T ≤ H ≤ 5.5 T) M (H) data by
Magnetization versus applied magnetic field isotherms
The solid lines in Figs µ B /F.U. which arises from an upward curvature to M (H) which suggests the disappearance of canting and a sudden development of purely antiferromagnetic ordering. This is consistent with the observed susceptibility χ where χ was increasing with decreasing temperature but suddenly drops sharply at 49 K. As the temperature is further lowered, M S gradually increases and finally becomes positive at 25 K and goes to a small positive value of 6.36×10 −4 µ B /F.U. at 1.8 K.
For LuV 4 O 8 , the behavior of M S (T ) versus T is distinctly different from that of YV 4 O 8 . As temperature decreases, M S increases sharply from zero to 3.3×10 −3 µ B /F.U. at 45 K in what appears to be a first-order transition. The data suggest the development of a canted AF state below 50 K, where the canting continuously goes to zero by 20 K, which can also be observed in the susceptibility data in Fig. 8(d) where χ increases sharply at 49 K. Then, as the temperature is further lowered, M S starts decreasing, becoming negative at 25 K and then remaining almost constant down to 1.8 K. 
C. Heat capacity measurements
Figure 11(a) shows the molar heat capacity C versus temperature T of YV 4 O 8 in zero and 9 T magnetic fields. C(T ) shows a sharp peak at T = 77 K and two small anomalies at T = 81 K (pointed by the arrow) and T = 45 K. There is a small magnetic field dependence of C(T ) at 45 K as shown in the inset of Fig. 11(a) .
The magnetic contribution to the heat capacity C mag (T ) was obtained by C mag (T ) = C(T ) − C latt (T ) where the lattice heat capacity C latt (T ) is estimated from the Debye model
where n is the number of atoms per formula unit, N A is Avagadro's number, k B is Boltzman's constant, θ D is the Debye temperature, and x is a scaling factor which we had to introduce to get a considerable overlap of Eq. (4) with the measured C at high T . Plots of C latt versus T were obtained for various values of the Debye temperature θ D and x, and were compared to the plot of measured C(T ) versus T . The C latt (T ) with the maximum overlap with the plot of C(T ) data at high temperatures was chosen. For YV 4 O 8 , we obtained the best fit of C latt (T ) by Eq. (4) with θ D = 600 K and x = 0.96 for T > 200 K. Figure 11(b) shows the plot of C latt (T ) along with the measured C(T ) for YV 4 O 8 . Figure 11(c) shows the magnetic contribution to the heat capacity Fig. 11(d) shows the magnetic entropy S mag (T ) versus T of YV 4 O 8 given by
The change in S mag over the temperature range 0 K to 90 K in which the magnetic transitions occur is 32.5 J/mol K. If the V spins order, then the magnetic entropy associated with the spin ordering S spin is given by
where the sum is over V spins S i in a formula unit, n i is the number of spins S i , and R is the molar gas constant. Using n i = 3 V +3 (S = 1) and 1 V +4 (S = 1/2) per formula unit gives S mag = 33.14 J/mol K which is very close (within 2%) to the value of S mag obtained above. This indicates that our estimation of C latt (T ) is reasonable. Figure 12 (a) shows the C(T ) of LuV 4 O 8 in zero and 9 T magnetic fields. There is a peak at T = 80 K and two small kinks at 62 K and 48 K, pointed out by two arrows, respectively. The magnetic field dependence of C(T ) is negligible. Figure 12 The two kinks pointed out by the arrows in Fig. 12(a) can be seen prominently here. The magnetic entropy S mag calculated from Eq. (5) versus T is shown in Fig. 12(d) . The total magnetic entropy change up to 150 K is 34.0 J/mol K, which again agrees very well with the the above value of 33.1 J/mol K for disordered V spins. A sharp peak occurs in C mag (T ) at ≈ 80 K with two additional kinks highlighted by two vertical arrows at 45 K and ≈ 60 K, respectively, as shown in Fig. 12(c) . Figures 13(a) and (b) show the electrical resistivity ρ versus temperature T measured on pieces of sintered pellets of LuV 4 O 8 and YV 4 O 8 , respectively. On the scale of the figures, the resistivities are nearly temperatureindependent above 50 K and 60 K, respectively, and strongly increase below those temperatures, suggesting the occurrence of metal to insulator transitions upon cooling below those temperatures. The insets in Figs. 13(a) and (b) show the respective log 10 (ρ) versus T for the two compounds. For both compounds, log 10 (ρ) increases with decreasing T showing apparent semiconducting behaviors over the whole T range. However, the nearly T -independent behaviors at the highest temperatures suggest metallic behavior as just noted. Polycrystalline pellets of metallic oxides are notorious for showing semiconducting-like behavior due to insulating material in the grain boundaries. A plot of ln(ρ) versus 1/T for LuV 4 O 8 is shown in Fig. 13(c) . We fitted these data by
D. Electrical resistivity measurements
where ∆ is the activation energy, ρ 0 is a constant, and k B is Boltzmann's constant. The solid line in Fig. 13 ing below ≈ 50 K, a sharp decrease of the V1V31 distance, increase of the V1V32 distance, and an increase in the other V1-V3 distances as shown in Fig. 6(b) suggest dimerization of the V1 and V3 spins in the V1-V3 chain (see Fig. 2 ) in YV 4 O 8 . The valences of V1 and V3 from Fig. 7 (a) are close to 3 suggesting that both have spin S = 1. From the Curie-Weiss fit of the magnetic susceptibility in Fig. 8(c) , the dominant interactions between the V spins are antiferromagnetic. We infer that the dimerization leads to a suppression of the magnetic susceptibility in the V1-V3 chain below 50 K. For the other V2-V4 chain, below 50 K, all the V-V interatomic distances increase as shown in Fig. 6(a) , allowing the spins to order antiferromagnetically. The calculated valences of the V2 and V4 atoms in Fig. 7 ordering at 50 K. However, there is no anomaly in C mag at 16 K where the ZFC-FC χ(T ) data in Fig. 8(a) show a strong bifurcation which disappears at high fields as shown in Fig. 8(b) . No change in C mag (T ) in Fig. 11 (c) is observed at 16 K, suggesting that the bifurcation of the ZFC-FC χ(T ) may be due to weak canting of the antiferromagnetically ordered V spins. The presence of magnetic hysteresis with a very small (0.0007 µ B /F.U.) remnant magnetization at 2 K shown in Fig. 10 (a) and a small almost T -independent M S (T ) below 16 K shown in Fig. 9 (c) are all consistent with the occurrence of canted antiferromagnetism below 16 K. There are two additional anomalies at 75 K and 90 K which appear in both χ(T ) and C mag (T ), the origins of which are unclear. The dimerization of the V spins in one of the chains and formation of spin singlets in YV 4 O 8 is very similar to the spin-Peierls transition observed in CuGeO 3 at 14 K. 30 The occurrence of a metal to insulator transition at 60 K (which is very close to the temperature of the spin singlet formation) as shown in Fig. 13(b) suggests that YV 4 O 8 is a rare example where a metal to spin singlet insulator transition takes place. Such a Peierls-like transition has been observed in the tetragonal rutile VO 2 at 340 K 31, 32 and in the spinel MgTi 2 O 4 at 260 K.
33,34
In both VO 2 and MgTi 2 O 4 , a complete structural transition occurs at the temperature of the metal to spin singlet transition, 33, 35 unlike YV 4 O 8 , where only the lattice parameters change without a lowering of the crystal symmetry.
For LuV 4 O 8 , the magnetic susceptibility in Figs. 8(d) and (e) shows no evidence of formation of spin singlets. There is no anomaly in C mag (T ) in Fig. 12(c) at ≈ 100 K at which a slope change occurs in χ(T ) in Fig. 8(d) . On the other hand, a sharp peak occurs in C mag (T ) at ≈ 80 K, where no anomaly in χ(T ) occurs. This might indicate the onset of short-range ordering at ≈ 100 K followed by long-range ordering at ≈ 80 K. From Figs. 8(d) and (e), the χ(T ) shows a sharp increase at ≈ 50 K, whereas in Fig. 12(c) there is only a small kink in C mag (T ) at this T . The absence of a sharp anomaly in C mag at 50 K might indicate the development of a canted AF state at that temperature.
The Curie-Weiss fits to the high T χ for both YV 4 O 8 and YV 4 O 8 yield Curie constants that are considerably lower than expected, which leads to the possibility of both these compounds being metallic. distinct one-dimensional zigzag chains running along the crystallographic c-axis. X-ray diffraction measurements down to 10 K reveal a first-order-like phase transition with a sudden change in the lattice parameters and unit cell volume at 50 K in YV 4 O 8 . However, the high and low temperature structures could be refined using the same space group indicating no lowering of the symmetry of the unit cell due to the structural transition. As a result of the transition, one of the chains dimerizes. The magnetic susceptibility of YV 4 O 8 exhibits a sharp first-order-like decrease at 50 K followed by a bifurcation in the ZFC-FC susecptibility below 16 K. The anomaly at 50 K is suggested to arise from the dimerization of the S = 1 chain and antiferromagnetic (AF) ordering of the other chain. The AF ordered spins then become canted below 16 K. The change in the magnetic entropy calculated from heat capacity measurements also agrees very well with ordering of three S = 1 and one S = 1/2 disordered spins per formula unit. 
